Formation of neural circuits depends on stable contacts between neuronal processes, mediated by interaction of cell adhesion molecules, including N-cadherin. In the present study, we found that activity-dependent dendrite arborization specifically requires Ncadherin-mediated extracellular neuron-neuron interaction, because the enhancement did not occur for neurons cultured in isolation or plated on an astrocyte monolayer and was abolished by a recombinant soluble N-cadherin ectodomain. Furthermore, depolarization elevated the level of membrane-associated cadherin/catenin complexes and surface N-cadherin. Importantly, surface N-cadherin elevation is specifically required for the maintenance of nascent dendrite arbors. Through loss-and gain-of-function approaches, we showed that N-cadherin-mediated dendrite growth requires association of the cadherin/catenin complex with the actin cytoskeleton. In summary, these results identify a previously unexplored and specific function for activity-induced, N-cadherin-mediated neuron-neuron contacts in the maintenance of dendrite arbors.
Formation of neural circuits depends on stable contacts between neuronal processes, mediated by interaction of cell adhesion molecules, including N-cadherin. In the present study, we found that activity-dependent dendrite arborization specifically requires Ncadherin-mediated extracellular neuron-neuron interaction, because the enhancement did not occur for neurons cultured in isolation or plated on an astrocyte monolayer and was abolished by a recombinant soluble N-cadherin ectodomain. Furthermore, depolarization elevated the level of membrane-associated cadherin/catenin complexes and surface N-cadherin. Importantly, surface N-cadherin elevation is specifically required for the maintenance of nascent dendrite arbors. Through loss-and gain-of-function approaches, we showed that N-cadherin-mediated dendrite growth requires association of the cadherin/catenin complex with the actin cytoskeleton. In summary, these results identify a previously unexplored and specific function for activity-induced, N-cadherin-mediated neuron-neuron contacts in the maintenance of dendrite arbors.
cell adhesion molecule | catenin | actin D endrite growth and development are regulated by a combination of intrinsic programs and extrinsic signals, including neuronal activity, neurotrophins, morphogens, guidance cues, and cell adhesion molecules (CAMs), such as classical and seven-pass transmembrane cadherins (1) (2) (3) (4) . The establishment and maintenance of synaptic contacts between axons and dendrites also depend on CAMs, including neurexins/neurligins, EphB/ephrin-Bs, Neural-cadherin (N-cadherin), Ig superfamily members, and leucine-rich repeat containing synaptic adhesion molecules (5, 6) . Importantly, the processes of axon/dendrite development and synapse formation are tightly correlated and regulated by neuronal activity (1, 7) . N-cadherin is a transmembrane CAM that interacts in a homophilic Ca 2+ -dependent manner through its extracellular ectodomains (8) . Together with β-catenin and αN-catenin, it forms the cadherin/catenin complex, a main complex linking the extracellular environment to the actin cytoskeleton (9) . The cadherin/catenin complex is present at high levels in both axons and dendrites (10) , forming adherens junctions in epithelial cells and synaptic junctions in neurons.
In the present study, we examined the function of N-cadherinmediated cell-cell interaction in the stabilization of dendritic arbors and in activity-dependent enhancement of dendritogenesis. Using a soluble N-cadherin ectodomain, we demonstrated a requirement for N-cadherin-mediated extracellular interaction in activity-dependent dendrite growth. Furthermore, by plating neurons in isolation, we showed that cell-cell contact is required for activity and N-cadherin-dependent dendrite growth. Finally, we showed that neuronal activity elevated surface N-cadherin level, an effect required for the maintenance of dendrite arbors. Together, these results identify a previously unexplored and specific function for activity-induced elevation of surface N-cadherin in the maintenance of dendrite arbors.
Results
Critical Role of N-Cadherin-Mediated Neuron-Neuron Interaction in Dendrite Development. To specifically disrupt N-cadherinmediated extracellular interaction, we generated a construct expressing a secreted, soluble form of the first extracellular ectodomain of N-cadherin, EC1 (Fig. 1A) , a domain essential for cadherin-mediated interaction between adjoining cells (8) . Immunoprecipitation assay showed that secreted EC1 can be detected in the medium of transfected day in vitro (DIV) 8 neurons (Fig.  1B) . Further biochemical and immunocytochemical assays showed that it interacted highly with N-cadherin, and very weakly if at all, with E-cadherin ( Fig. S1 A-C). Transient overexpression of EC1 from DIV 6 to 8 in hippocampal neurons significantly reduced their dendrite complexity (Fig. 1C) , as measured by total dendritic branch length (TDBL) (Fig. 1D ) and total dendritic branch tip number (TDBTN) (Fig. 1E ), an effect consistent over 12 sister cultures (Fig. 1F ). EC1 expressed in HeLa cells also reduced the dendrite arbors of nearby cocultured neurons (Fig. S1 D and E). Furthermore, when purified recombinant EC1 protein was added to the medium of GFP-expressing neurons from DIV 6 to 8, it reduced dendrite growth in a dose-dependent fashion, both in regular culture medium ( Fig. 1 G-I ) and following depolarization with elevated extracellular K + (14 mM) ( Fig. 1 J-L) , a manipulation that mimicked increased neural activity (11, 12) . As controls, addition of BSA or denatured EC1 (b-EC1) did not affect dendrite morphology ( Fig. 1 G-L) . EC1 also effectively blocked the dendrite-promoting effects of other activity-mimicking manipulations, including kainic acid or picrotoxin treatment, as well as brain-derived neurotrophic factor (BDNF) application (Fig. S1 F-H) . The effect of EC1 protein in reducing TDBTN and blocking activity-induced changes was also significant for older neurons treated with EC1 protein at DIV 14 to 16 (Fig. S1I) . Consistent with the functioning of the cadherin/catenin complex as a single unit that requires N-cadherin-mediated extracellular interaction, the dendrite-promoting effects of β-/αN-catenin or Ncadherin overexpression were effectively blocked by EC1 coexpression at DIV 6 to 8 ( Fig. S1 J and K) . These results demonstrate that the EC1 domain of N-cadherin plays a critical role in activity and cadherin/catenin-dependent dendrite development.
To test whether N-cadherin-mediated interaction between neighboring cells is required for activity-dependent dendrite growth, we plated isolated hippocampal neurons at low density. Under these conditions, neither EC1 protein nor K + modulated dendrite growth when applied DIV 1 to 3 ( Fig. 2 A-C) . This finding was not affected by plating the neurons on an astrocyte feeder layer (Fig. 2 D-F) , indicating no roles for neuron-astrocyte interaction in cadherin-or activity-dependent dendrite growth. However, astrocytes did contribute to activity-independent neurite growth, as neurons plated on astrocytes had 34% more dendrites compared with sister cultures plated alone. As a positive control, in DIV 3 neurons plated at high density, EC1 protein reduced TDBTN/TDBL and completely blocked the effect of K + in promoting dendrite arborization (Fig. 2 G-I) . Similarly, overexpression of N-cadherin in low-density culture did not affect dendrite growth (Fig. 2 J and K) , although its expression in highdensity culture significantly promoted it ( Fig. 2 L and M) . Together, these results demonstrate that N-cadherin-mediated neuron-neuron interaction is required for activity and Ncadherin-dependent dendrite growth.
Concurrent Requirement for Actin Dynamics and N-CadherinDependent Cell Adhesion During Dendrite Growth. Recent studies showed suppression of Arp2/3-mediated actin polymerization by α-catenin in vitro, indicating mutual competition for F-actin binding (13, 14) . To further examine the relationship between the cadherin/catenin complex and actin dynamics during dendrite development, we reduced endogenous Arp3 level by RNA interfence (RNAi) from DIV 6 to 8. This manipulation reduced TDBTN, an effect fully rescued by overexpression of RNAiresistant human Arp3 (h-Arp3). In contrast, Arp3-RNAi completely blocked the effects of K + treatment, N-cadherin, or αN-catenin overexpression (Fig. 3A) . These results suggest that the dendrite-promoting effect of neuronal activity and the cadherin/ catenin complex requires Arp3-dependent F-actin assembly. Consistently, pharmacological and molecular manipulations that interfere with actin dynamics also blocked activity-and cadherin/ catenin-dependent dendrite growth ( Fig. S2 A and B) .
Having shown that Arp3 overexpression is sufficient to induce dendritogenesis ( Fig. 3 A and B) , we asked whether other F-actin assembly-promoting factors have similar effects. As shown in Fig.  3B , overexpression of Wiskott-Aldrich syndrome protein (WASP) or WASP family verprolin-homologus protein 2 (WAVE2) (15) , both activators of Arp3, as well as overexpression of the vasodilatorstimulated phosphoprotein (VASP) (16), a protein that prevents the capping of F-actin barbed ends, all promoted dendritogenesis. Importantly, these actin-dependent dendrite growth effects all required cadherin-dependent extracellular interaction, as they were effectively blocked by EC1 coexpression (Fig. 3B) . We note that although multiple regulators of F-actin assembly could promote dendrite growth, not all such proteins are effective. For example, vinculin, an F-actin binding protein with homology to αN-catenin (17), did not affect TDBTN (Fig. S2C) .
A Chimeric Protein Mimics the Dendritogenic Effect of the Cadherin/ Catenin Complex. Because the dendrite-promoting effects of Factin assembly factors require N-cadherin-dependent cell adhesion, we asked whether the chimeric protein "Ncad-AD," consisting of the extracellular and transmembrane domains of Ncadherin fused to the actin binding domain of αN-catenin (18), can mimic the dendritogenic effect of the entire cadherin/catenin complex. Indeed, overexpressing Ncad-AD increased dendrite growth and fully prevented the dendrite-reducing effect of lowering endogenous N-cadherin, β-catenin, or αN-catenin levels with RNAi (Fig. 3C) , showing that Ncad-AD can function in place of the cadherin/catinin complex. Consistent with the notion that Ncad-AD mimics the endogenous function of N-cadherin and depends on cell-cell interaction, coexpression of Ncad-AD did not prevent the dendrite reducing effect of EC1 (Fig. 3C) . These results suggest that the main function of the cadherin/ catenin complex during dendrite development is to anchor Factin to N-cadherin mediated cell-cell contacts. Fig. S3 E and F) . Thus, activity promotes membrane association of all endogenous cadherin/catenin complex components and, more transiently, Arp3.
To determine whether activity-dependent increases in membrane N-cadherin could be observed following in vivo manipulation, we systemically injected juvenile rats (P 6-8) with kainic acid (KA), a manipulation that at low dose induces mild seizures and synaptic potentiations (19, 20) . As shown in Fig. 4 C and D, N-cadherin protein level increased significantly in the hippocampal membrane fraction of rats treated with KA for 4 or 48 h. A caveat of analyzing samples from the membrane fraction is that it also includes membranes of some intracellular components. Thus, we further verified our results using surface biotinylation assays in DIV 8 neurons. We showed that both 4-and 48-h K + treatment significantly increased surface biotinylated Ncadherin (Fig. 4 E and F) , without affecting the total cellular pool (Fig. 4 G and H) . In summary, elevated neuronal activity significantly increased the surface level of N-cadherin, an effect that likely also occurs in vivo.
N-Cadherin Is Specifically Required for Dendrite Maintenance.
Because increased neuronal activity can up-regulate surface Ncadherin level within 4 h, we further investigated short-term effects of neuronal activity on dendritogenesis. We found in DIV 8 neurons that 4 h K + (pulse) reliably increased TDBTN and persisted for at least an additional 4 h following K + washout (chase) (Fig. 5 A-C) . Interestingly, unlike its complete block of long-term activity-induced dendrite growth ( Fig. 1 J-L) , EC1 protein application during the 4 h K + treatment did not inhibit K + -induced dendrite growth (Fig. 5D) . Similarly, addition of Ncad-Fc, consisting of the extracellular domain of N-cadherin fused to Fc, also did not affect K + -induced increase in TDBTN (Fig. 5D ). In contrast, addition of latrunculin A or jasplakinolide, drugs that interefere with actin dynamics, completely blocked K + -induced dendrite growth (Fig. 5D) . Because 4 h is the shortest window in which we reliably detect changes in dendrite growth, we arbitrarily termed this the "early phase" of dendrite growth, a process that requires actin dynamics, but not N-cadherindependent interaction.
The lack of EC1 effect during short-term K + treatment, in contrast to its complete block of the longer term (48 h) effect of increased neuronal activity on dendrite growth, prompted us to examine the hypothesis that N-cadherin-mediated cell-cell interaction is not required for the initiation of dendrite extension, but for its maintenance. Because the effects of K + last for an additional 4 h after replacement of high K + medium with regular medium (Fig. 5C ), we used this paradigm for studying the "late phase" or maintenance of dendrite growth. Indeed, if early phase K + treatment is followed with late phase EC1 application in regular culturing medium, activity-induced increases in TDBTN/ TDBL were completely abolished ( Fig. 5 E and F) , demonstrating a specific requirement of N-cadherin-mediated cell-cell interaction in the maintenance of nascent dendrites. Similarly, Ncad-Fc also completely abolished the dendrite growth promoting effects of high K + ( Fig. 5 E and F) , though addition of a control protein (Ctrl P.) or control antibody (Ctrl A.) did not.
In complementary experiments, we showed that the maintenance of dendrites during the late phase is reduced in neurons transfected with Ncad-RNAi (Fig. 5 G and H) . Consistent with the notion that N-cadherin mediates its effects by anchoring F-actin to the cell surface, actin dynamics are also required during the late phase (Fig. S4 A-C) . Together, these results demonstrate that N-cadherin-mediated neuron-neuron interaction is specifically required for the maintenance of nascent dendrites.
We further analyzed the effects of K + and EC1 protein on dendrite extension and retraction in live imaging experiments in DIV 8 neurons. We showed that K + treatment for 4 h (during the early phase) significantly increased the rate of dendrite extension without altering the rate of dendrite retraction, compared with a previous 4 h under control conditions (black bar vs. gray bar, Fig. 5 I and J, and Fig. S4 D-F) . This effect of high K + was not affected by EC1 coapplication (Fig. 5 I and J) . However, when EC1 was applied during the late phase of dendrite growth, as a chase to 4-h high K + treatment, the rate of dendrite retraction was significantly increased, compared with controls without EC1 protein (Fig. 5J and Fig. S4F ). These results provide further evidence for N-cadherin-mediated neuron-neuron interaction in the maintenance and stabilization of dendrite arbors. Having demonstrated that activity increased surface N-cadherin (Fig. 4) and that N-cadherin-mediated extracellular interaction is required for the maintainance of newly formed dendrites (Fig.  5 E-J) , we further examined whether activity-induced increase in surface N-cadherin correlated with activity-induced dendrite growth. To separate the effect of neuronal activity on the surface delivery of N-cadherin from its potential effects on gene expression, we constructed a vector expressing an extracellularly epitopetagged N-cadherin (Ncad-HA), under an activity-independent promoter (Fig. 6 A and B) . Luciferase assays showed that the modified promoter in the pCS2min vector, with all cAMP response elements and SP1 sites mutated or deleted, did not respond to neuronal activity at 4 or 48 h after K + treatment (Fig.  6A) . In contrast, luciferase activity under the pCS2 parent vector or the pCS2m10 vector (10 cAMP response elements mutated) was significantly elevated by K + treatment at both time points (Fig. 6A) . Overexpression of Ncad-HA, under the activity-in- dependent pCS2min promoter, significantly increased dendrite growth (Fig. 6B) , similar to the effect of wildtype N-cadherin overexpression (Fig. 3A) , demonstrating that the tag did not interfere with N-cadherin function.
Using HA antibodies to surface-label N-cadherin in DIV 8 neurons transfected with pCS2min-Ncad-HA, we found that 4 h K + increased surface N-cadherin level, an effect not affected by EC1 coapplication (Fig. 6 C and D) . However, when neurons were pulsed with 4 h K + and chased for an additional 4 h with EC1 protein during the late phase, surface Ncad-HA intensity and TDBL/TDBTN were significantly reduced, compared with that found using control protein (Fig. 6 C-F) . This reduction in surface N-cadherin protein after EC1 incubation is consistent with a requirement of extracellular N-cadherin-mediated homophilic interaction/achoring for its surface stabilization. Importantly, plotting surface Ncad-HA level against TDBTN/TDBL for all neurons, we observed correlated linear relationships (Fig. 6 G and H) . As further evidence that the observed increase in surface Ncad-HA level is not caused by increased translation, the presence of protein synthesis inhibitors did not affect the K + -induced increase in surface Ncad-HA (Fig. S5) . Thus, activity-induced increase in surface N-cadherin is specifically required for the maintenance of newly formed dendrites.
Discussion
Using a variety of newly generated tools, we demonstrated that the enhanced dendrite growth induced by increased neuronal activity requires neuron-neuron interactions mediated by Ncadherin. We showed that this extracellular action of N-cadherin requires functional interaction of the cadherin/catenin complex with the dynamic actin cytoskeleton. Furthermore, we found that neuronal activity promotes dendritogenesis by elevating surface N-cadherin level, a process specifically required for the maintenance of nascent dendrite arbors. Together, these results point to the critical role of N-cadherin-mediated cell-cell contact in stabilizing dendrite arbors during activity-dependent development.
Function of N-Cadherin-Mediated Neuron-Neuron Interaction. Mounting evidence suggests that dendrite arborization is highly regulated by homo-and heterotypic cell-cell interactions, as exemplified by the tiling of dendrite arbors mediated by Down syndrome cell-adhesion molecule (21), and by the growing list of CAMs shown to regulate dendrite growth (1) (2) (3) (4) . In the present study, we used EC1, a soluble N-cadherin ectodomain, to demonstrate a requirement for N-cadherin mediated extracellular interaction in activity-dependent dendrite growth ( Fig. 1 J-L, and Fig. S1 G-I) . We further demonstrated that this N-cadherin-dependent dendrite growth requires direct contact between neuronal processes, as neurons plated at low density, such that the axons and dendrites of neighboring cells do not contact, did not respond to high K + , EC1 protein or N-cadherin overexpression (Fig. 2 A-F, J, and K) . Because overexpression of members of the cadherin/catenin complex also promotes axonal outgrowth (22) (23) (24) (25) (26) , a simple interpretation is that N-cadherin mediates activity-dependent neurite outgrowth by promoting extracellular contacts between axons and dendrites.
Relationship Between Dendrite Stabilization and Synaptogenesis.
Because dendrite growth and synapse formation occur concurrently during development, these processes may be coordinated and interdependent (27) . In fact, live imaging experiments demonstrated that synapse formation stabilizes dendritic and axonal arbors (28) (29) (30) . Our results, demonstrating a requirement for Ncadherin-mediated neuron-neuron interaction specifically in the maintenance of newly formed dendritic arbors, suggest that Ncadherin may be one of the CAMs coordinating neurite growth and synapse formation. Consistently, newly formed dendrite abors induced by high K + have morphological synapses (Fig. S6) , and N-cadherin can be recruited to synapses (10, (31) (32) (33) (34) .
Cadherin/Catenin Complex and Actin Assembly. Previous in vitro assays showed that α-catenin can suppress the actin polymerizing effects of Arp3 and was interpreted as direct competition between α-catenin and the Arp 2/3 complex for binding to actin filaments (13) . However, our results showed that they function in the same direction to regulate dendrite development (Fig. 3 A and B) , and that neuronal activity promotes the membrane association of both proteins (Fig. S3 C-F) . Furthermore, the effect of αN-catenin overexpression on promoting dendrite growth depends on endogenous Arp3 (Fig. 3A) . Thus, regardless of the molecular dynamics adjacent to the neuronal surface membrane, overall, Arp3-mediated actin assembly cooperates with αN-catenin and other cadherin/catenin complex components to promote dendrite growth.
As further evidence for cooperation between the cadherin/ catenin complex and F-actin in mediating dendrite growth, we showed that overexpression of Ncad-AD, consisting of the extracellular domain of N-cadherin fused to the actin binding domain of αN-catenin, effectively promoted dendrite growth in neurons with lowered endogenous level of N-cadherin, β-catenin, or αN-catenin (Fig. 3C) . Importantly, although the effect of Ncad-AD overexpression on promoting dendrite growth was 26 ± 0.04) , αNcat-RNAi (0.82 ± 0.03), αNcat-RNAi + Ncad-AD (1.43 ± 0.05), EC1 (0.81 ± 0.03), and EC1 + Ncad-AD (0.85 ± 0.03). P < 0.01 or P < 0.001 for all conditions vs. Ctrl. **P < 0.01; ***P < 0.001. extremely robust, it still depended on N-cadherin mediated neuron-neuron interaction, because EC1 coexpression completely abolished its effect. Taken together, these results demonstrate that memebrane anchoring of F-actin to N-cadherinmediated cell-cell contacts is required for dendrite growth. cadherin level. Using biochemical assays, we showed that high K + significantly and persistently elevated surface N-cadherin (Fig. 4) , consistent with previous reports in older neuronal cultures (34, 35) . Furthermore, because the activity-induced increase in surface N-cadherin occurred when it was expressed under an activity-independent promoter and in the presence of protein synthesis inhibitors (Fig. 6 and Fig. S5 ), this process likely occurs through posttranslational changes, including increased net surface delivery and increased surface stabilization.
H G
The most extensively studied example of activity-dependent surface delivery of membrane proteins is AMPA receptor, inserted into synaptic sites following long-term potentiation induction and sensory experience (36, 37) . The supply of surfacedelivered AMPA receptors is thought to derive from the recycling endosome (38) , a reserved pool that holds recycled receptors from the cell membrane and newly synthesized proteins from the Golgi apparatus (39, 40) . Because the C-terminal region of N-cadherin is important for its regulated endocytosis following NMDA treatment (34) , and the recycling endosome is shown to be important in the regulated trafficking of E-cadherin (40) , similar mechanisms could regulate activity-dependent surface delivery of N-cadherin during dendrite development.
In contrast to a more speculative understanding of activityregulated trafficking of N-cadherin, its activity-dependent stabilization is more straightforward. Because N-cadherin can homophilically interact with the extracellular domain of N-cadherin on juxta-opposed membranes, this interaction could stabilize its membrane level. Consistently, we showed that EC1 protein addition during the late phase following K + treatment reduced surface N-cadherin, an effect correlated with reduced TDBTN and increased dendrite retraction (Figs. 5J and 6 C-H). Thus, stabilization of surface N-cadherin via homophilic interactions between juxta-opposed membranes is likely to be an important mechanism for maintaining surface N-cadherin.
Based on our results, we propose a two-step model for activityinduced dendrite growth (Fig. S7) . During the early phase, neuronal activity increases actin dynamics (1, 3) and surface delivery of N-cadherin (Figs. 4A and 6 C and D) , resulting in enhanced dendrite growth (Fig. 5 B-F) . During the ensuing late phase, surface N-cadherins form homophilic interactions with Ncadherins on opposing membranes, and intracellular links to the actin cytoskeleton through the cadherin/catenin complex, stabilizing the newly formed dendritic arbors (Figs. 5 B-F and 6 C-F). Together, these molecular interactions mediate the effect of neuronal activity on promoting dendrite growth, an important aspect of coordinated neural circuit development.
Materials and Methods
Details of materials and methods are in SI Materials and Methods. The use and care of animals in this study follows the guidelines of the Institutional Animal Care and Use Committee of the Institute of Neuroscience, Chinese Academy of Sciences.
Hippocampal Neuronal Culture Preparation and Pharmacological Treatments. Hippocampal neuronal cultures, plated at 50,000 cells/cm 2 , were prepared from P0 Sprague-Dawley rat pups, as previously described (12) . For low-density cultures, neurons were plated at 3,000 cells/cm 2 . Pharmacological treatments included 10 mM KCl, Ncad-Fc (1 μg/mL, R&D Systems), α-GFP (1 μg/mL, Chemicon), α-Fc (1 μg/mL, Jackson ImmunoResearch), EC1 (5 μg/mL), boiled EC1 (5 μg/ mL, 95°C for 5 min), or BSA (5 μg/mL; New England Biolabs, Inc.).
